Antimicrobial pharmacokinetic-pharmacodynamic (PK/PD) science and clinical trial simulations have not been adequately applied to the design of doses and dose schedules of antituberculosis regimens because many researchers are skeptical about their clinical applicability. We compared findings of preclinical PK/PD studies of current first-line antituberculosis drugs to findings from several clinical publications that included microbiologic outcome and pharmacokinetic data or had a dose-scheduling design. Without exception, the antimicrobial PK/PD parameters linked to optimal effect were similar in preclinical models and in tuberculosis patients. Thus, exposure-effect relationships derived in the preclinical models can be used in the design of optimal antituberculosis doses, by incorporating population pharmacokinetics of the drugs and MIC distributions in Monte Carlo simulations. When this has been performed, doses and dose schedules of rifampin, isoniazid, pyrazinamide, and moxifloxacin with the potential to shorten antituberculosis therapy have been identified. In addition, different susceptibility breakpoints than those in current use have been identified. These steps outline a more rational approach than that of current methods for designing regimens and predicting outcome so that both new and older antituberculosis agents can shorten therapy duration.
Advances in the treatment of tuberculosis (TB) have suffered from a lack of scientific imagination. A century ago, TB research was the true cutting edge of medical innovation (65, 90, 97) . Unfortunately, while scientific knowledge for the therapy of most diseases virtually exploded, we and others in the TB world still use dated paradigms and language. In the meantime, the pandemic shows no signs of subsiding. In 2008, there were 8.9 to 9.9 million incident cases of TB; prevalence was 9.6 to 13.3 million cases, and 1.8 million people died from TB (107) . "Short-course chemotherapy" is actually long. Longterm mortality, morbidity, relapse, and resistance emergence are still problems even after "successful" therapy (20, 77, 78, 93) . Indeed, while it often said that the therapy has a 95% success rate under directly observed therapy (DOTS) programs, a look at high-TB-burden countries with good DOTS programs reveals cure rates for pulmonary TB of only 34 to 76%, and those are under study conditions (1, 103) . Recently, the efficacy of DOTS itself has been challenged (14, 103) . Clearly, the traditional approaches have not succeeded in eradicating TB. It is time to take a different road.
The advent of anti-TB chemotherapy in the 1940s was a miracle; we have all benefited from that work of scientific "giants." Since then, important developments have occurred in other areas of science which have the potential to further catapult anti-TB therapeutics. The first of these is the application of molecular methods and high-throughput screening to identify promising therapeutic molecules. This has led to the discovery of a variety of anti-TB molecules. A second important development is antimicrobial pharmacokinetic-pharmacodynamic (PK/PD) science, founded on the work of Eagle and Craig (5, 21, 22, 39) . Third has been population pharmacokinetic (PK) analysis, founded on the work of Sheiner (94, 95) . Population PK analysis became possible because of the advent of electronic computers, starting with the Atanasoff-Berry model of 1939. Further work in the field led to the ENIAC, which was utilized to establish and test a new mathematical technique, the Monte Carlo method (69, 70) . Its initial utility was shown by application to the study of fissile material. Starting around 1986, computer-aided clinical trial simulations were applied to clinical dosing regimens (12, 58, 100) . Greater knowledge of concentrations associated with optimal efficacy, and the application of population PKs, eventually enabled full clinical trial simulations that depend on the Monte Carlo methods. In the field of infectious diseases, Drusano et al. utilized these methods to identify the optimal clinical doses and susceptibility breakpoints of antimicrobial agents by integrating exposures derived in preclinical PK/PD models and the distribution of MICs in clinical isolates (38) . Each of these developments has a direct role in developing new paradigms for the treatment of TB.
There have been concerns by researchers as to the applicability to TB patients of antimicrobial PK/PD parameters derived in preclinical models. In particular, preclinical PK/PD models such as small rodents and hollow-fiber systems have met with skepticism (71, 73) . It has also been stated that the existence of the three metabolic populations of Mycobacterium tuberculosis is more important in determining bacterial response to drugs than are PK/PD relationships (71) . Dose se-lection has tended to ignore PK/PD methods and to rely on more traditional approaches. When the PK/PD methods are applied, this is often peripheral to the clinical development of the drug and rarely for the derivation of optimal doses and dose schedules. Since the treatment of TB relies on a multidrug regimen, the drugs enter combination without rational optimization, compounding the errors.
To get to the root of discontent and perceived discordance with anti-TB PK/PD science, we performed a Medline search for PK/PD work that included adequate PK, dose-effect, and dose-scheduling studies. First-line drugs examined included rifamycins (rifampin or rifapentine), isoniazid, pyrazinamide, and ethambutol. Moxifloxacin, which is currently being tested for a role as a first-line agent (17) , was also included. There were 11 antimicrobial PK/PD studies in which these drugs had been studied (45, 50-55, 60, 61, 92, 98) . Next, clinical studies performed with anti-TB monotherapy and dual therapy, in which PKs were documented or a dose-scheduling study design was employed, were sought throughout the literature. The drug concentrations published in these clinical studies were modeled by us using population PK analysis in the computer programs ADAPT II and ADAPT 5 (25, 26) , when data were presented in such a way that this could be performed. Since the drug concentration that is associated with killing of pathogens in pulmonary infections is best reflected by that in epithelial lining fluid (ELF) (22, 23, 48, 55) , the exposures achieved in the epithelium were utilized for this minireview.
PYRAZINAMIDE
The hollow-fiber system (HFS) is a model in which bacteria and viruses grow and are exposed to dynamic drug concentrations that mimic human PKs (10, 11) . We have adapted the model to examine PK/PD parameters against various metabolic populations of M. tuberculosis. Pyrazinamide PK/PD studies were performed in the HFS (55) , which revealed kill rates and the time to emergence of resistance that were then compared to those encountered in the sputum of TB patients treated with monotherapy in the classic clinical studies of Yeager et al. and Jindani et al. (62, 63, 109) . The results shown in Table 1 demonstrate that time to start of microbial kill and kill rates were similar between the PK/PD model and patients. In addition, resistance emergence occurred between 2 and 3 weeks in the HFS, similar to the timing of the "escape" phenomenon in patients (109) .
The pyrazinamide PK/PD parameter linked to microbial kill in the HFS was the 0-to 24-h area under the concentrationtime curve (AUC) to MIC (AUC 0-24 /MIC) ratio (55) . The parameter linked to pyrazinamide resistance was the percentage of time that the concentration persisted above MIC (%T MIC ), with optimal resistance suppression associated with a %T MIC of Ͼ67% of the dosing interval (55) . To establish the veracity of this in the clinic, we reanalyzed the results of a clinical study performed in East Africa four decades ago (13) . All patients were treated with 1 g of intramuscular streptomycin daily for 6 days of the week. In one group of patients, pyrazinamide was administered as 0.5 g given three times daily (t.i.d.), in the second group as a single 1.5-g dose (QD), and in a third group administered as a 3-g dose three times weekly (t.i.w.). Patients were examined each month for positive sputum cultures and for the emergence of pyrazinamide resistance. Pyrazinamide concentrations were also measured in subgroups of these patients (40) . We performed a population PK analysis and then compared the rate of patients with sputum conversion between groups with different pyrazinamide exposures. Penetration of the drug into epithelial lining fluid (ELF) was taken as 17.8-fold that in serum, based on studies elsewhere (18) . The modal MIC was taken as 50 mg/liter, based on this and another study (88) . Table 2 demonstrates that there were no differences in sputum conversion after 2 months (P ϭ 0.57) or at 6 months (P ϭ 0.15) or either moderate to considerable radiological improvement (P ϭ 0.26) or any radiological improvement (P ϭ 0.64). Thus, clinical outcomes were most closely associated with the AUC. However, since the point of combination therapy is to reduce the emergence of resistance to the companion drug, it is not possible to draw PK/PD conclusions on resistance, since all patients also received streptomycin.
Several pyrazinamide population PK studies have been performed (106, 111) . Variability in pyrazinamide systemic clearance (SCL) and volume of distribution (V d ) were driven by patient weight and gender (40, 106) . Based on these PK parameter estimates and covariates and the AUC/MIC associated with maximal kill in the HFS, as well as MIC distribution in clinical isolates, Monte Carlo simulations were performed (55) . The standard dose of 15 to 30 mg/kg achieved an exposure associated with optimal bacterial kill in Յ53% of 10,000 simulated patients, with the best performance achieved by doses Ն60 mg/kg. In order to suppress drug resistance, doses of Ն3 g would have to be administered daily. These high doses predicted to be more optimal in clinical trial simulations lead to the obvious concern of toxicity. We examined the role of high doses in causing arthropathy and hepatoxicity in patients, based on a toxicodynamic analysis as well as a meta-analysis of 29 prospective controlled clinical studies (76) . Arthropathy was clearly associated with administration of pyrazinamide and was best associated with the amount of time that serum concentration persisted above 5 mg/liter. We speculate that pyrazinoic acid (POA) saturates xanthine oxidase at a relatively low concentration, and the longer the concentration persists above this threshold the more urate is deposited in joints, but once therapy stops the concentrations quickly fall below threshold and deposition stops. Fortunately, the arthropathy is usually clinically inconsequential. On the other hand, the incidence of hepatotoxcity was no different whether regimens consisted of pyrazinamide or not, and when doses of pyrazinamide were examined, daily doses of 30 mg/kg, 40 mg/kg, or 60 mg/kg did not result in statistically significant increases in hepatotoxicity when the drug was administered for only 2 months (76). Ob- viously, this final conclusion is controversial, and further work on pyrazinamide toxicity is still needed. Nevertheless, the results mean that the higher doses predicted to be more effective by Monte Carlo simulations should be examined for both faster sputum conversion and shorter-duration anti-TB therapy. We acknowledge that since hepatotoxicity may be fatal, caution will be needed even in conducting such clinical trials.
ISONIAZID
Prior to the current PK/PD era, Dickinson et al. injected tubercle bacilli into thigh muscles of guinea pigs and then treated them with isoniazid doses of 4, 8, 16, or 32 mg/kg every 8 days, as a single dose, or every 4 days, 2 days, or 1 day (30). The only measure of disease burden of the several they employed that we could subject to current PK/PD interpretation is spleen bacillary CFU, which demonstrated a clear doseresponse relationship between the doses but demonstrated no differences in CFU/spleen within each dose regardless of dosing schedule. There was no resistance emergence. These results are consistent with an AUC/MIC-driven effect. We used (or interpreted) their published PK and CFU/spleen in an inhibitory sigmoid maximal effect (E max ) model. We identified the 50% effective concentration (EC 50 ) as an AUC 0-24 /MIC ratio of 82 Ϯ 21 and a Hill coefficient of 1.6 Ϯ 1.3 (r 2 ϭ 0.99). However, the study had obviously not been designed with PK/PD considerations in mind, having been performed in an earlier period. The PK/PD properties of isoniazid were actually first examined in a murine model of TB by Jayaram et al. (61) . Dose-scheduling studies demonstrated that isoniazid microbial kill was linked to the AUC 0-24 /MIC ratio (r 2 ϭ 0.83). A second study utilized the HFS and confirmed that microbial kill was indeed AUC 0-24 /MIC linked (r 2 ϭ 0.97) (54) . The HFS study further demonstrated that both AUC/MIC and C max /MIC were linked to resistance suppression (54) . Comparison of the inhibitory sigmoid E max curves from these preclinical studies to a dose-effect early bactericidal activity (EBA) study of TB patients (32) , reveals results shown in Table 3 , virtually similar across the three systems, as well as to the guinea pig study discussed above. The EBA of a drug is the daily rate of sputum bacillary load decline in patients during the first 2 days of therapy (33) . Indeed, the effect of both dose and acetylation status (and therefore SCL) on EBA has been explicitly demonstrated in patients by Donald et al. (31, 32, 34) . Since AUC 0-24 is proportional to dose/SCL, this further confirms the link between AUC and clinical effect. These results point to remarkable concordance between preclinical PK/PD models and pharmacologic events in early therapeutic events in TB patients.
In the 1960s, several monotherapy doses of isoniazid were administered to TB patients in Chennai for up to a year (43, 44, 91) . Monthly rates of sputum conversion and resistance emergence, as well as serum isoniazid concentrations, were measured by the investigators. We performed population PK analysis of these concentrations, taking into account a penetration ELF/serum ratio of 2 (19, 64) , and then related the drug exposures to the proportion of patients with quiescent disease at the end of 12 months. Since this was monotherapy, there was considerable resistance emergence, so the outcomes at 12 months should be viewed as a composite measure of microbial kill and resistance emergence. %T MIC is difficult to calculate from the study design, since it will depend on the concentration-time profile and the MIC of the isolate infecting each patient. Nevertheless, for 200 mg twice daily (b.i.d.) versus 400 mg once daily (QD) for each acetylation status, the average (40) a A modal MIC of 50 mg/liter, a bioavailability of 1, and an ELF-to-plasma ratio of 17.8 were assumed based on published studies (13, 18, 82, 88, 106) . Pyrazinamide resistance was as defined using methods that differ from current standards. 50 in this case is expressed as AUC 0-24 , not as an AUC 0-24 /MIC ratio. When C max and response were examined in a sigmoid E max model, the relationship between C max and the proportion of patients with good response was as shown in Fig. 1 . To reiterate, final response status in this study should be viewed as a composite of both bacterial kill and the emergence of drug resistance. In terms of resistance, the proportion of patients with resistance at each of four observation periods was examined for 200 mg b.i.d. versus 400 mg QD, and the b.i.d. dosing schedule, associated with a higher %T MIC , was associated with a lower proportion of patients with resistance only one of eight times. Thus, %T MIC was likely not linked to resistance emergence, leaving AUC/MIC and C max /MIC as the remaining possibilities. This would also be consistent with preclinical PK/PD models. This suggests, for monotherapy, that PK/PD indices associated with microbial kill in preclinical models are the same as in EBA studies and are also the same as in long-duration TB treatment.
There were two other interesting studies which employed dose fractionation techniques but did not measure drug concentrations (59, 85) . Nevertheless, these studies are instructive. The first study was of patients with noncavitary TB treated for 6 months with isoniazid either 300 mg QD (n ϭ 109) or 100 mg t.i.d. (n ϭ 99) (59). Times to sputum conversion were virtually identical in either dose schedule (59) . In the second study, isoniazid dosing schedules were as above, but both groups received 4 g of Para-aminosalicylic-acid t.i.d. (85) . Toxicity rates, radiological improvement rates, and time to sputum conversion were also virtually identical. These studies confirm that it is the total isoniazid daily dose, and not the dosing schedule, which drives microbiologic and other clinical outcomes. Therefore, AUC drove clinical effect. The second study also means that the PK/PD parameter associated with optimal isoniazid microbial kill is the same in long-term combination therapy studies as in monotherapy studies.
Clinical trial simulations were performed to identify the effect of the standard dose of 300 mg in patients from several areas in the world. This study was to benchmark the accuracy of use of preclinical PK/PD exposures in Monte Carlo simulations of TB patients (54) . Isoniazid SCL is genetically determined via single-nucleotide polymorphisms (SNP) of the nacetyltransferase 2 (NAT-2) gene (41) . Using the relationship between AUC/MIC and bacterial kill from HFS studies, and population pharmacokinetic parameters of isoniazid from Peloquin et al. (82) , as well as the frequency of NAT-2 SNPs in patients in Cape Town, Hong Kong, and Chennai, the EBA expected to be achieved in 10,000 TB patients treated with isoniazid 300 mg daily was identified (2, 25, 34, 89) . The results were then compared to those observed in clinical trials (96) .
Results in Table 4 demonstrate that in silico clinical trials were able to predict regional EBAs accurately. Thus, this pathway provides a rational method to be used in further anti-TB regimen design.
RIFAMYCINS
Two studies from the era prior to modern PK/PD studies offer interesting insights. Mitchison and Dickinson treated guinea pigs (72), while Verbist treated mice that had TB with rifampin for up to 6 weeks (102). There was microbiologic and survival superiority in animals treated with once-weekly rifampin compared to the same cumulative dose divided and given daily. With current understanding, this would be most consistent with a C max /MIC-driven effect. The first-ever published study employing current PK/PD methods for anti-TB drugs was in 2003 by the group led by Balasubramanian (60). In a 6-day murine TB study, they demonstrated that rifampin microbial kill was linked to the AUC 0-24 /MIC ratio (r 2 ϭ 0.95), closely followed by C max /MIC (r 2 ϭ 0.86). We performed HFS studies and also demonstrated that rifampin microbial kill was indeed AUC 0-24 /MIC linked (51) . Furthermore, the HFS also demonstrated that rifampin resistance suppression (r 2 ϭ 0.84) and postantibiotic effect (r 2 ϭ 0.96) were most closely linked to the C max /MIC ratio, with optimal suppression of resistance at a C max /MIC of 175. In fact, all four studies are essentially saying the same thing: the longer-duration animal studies from circa 1970 are talking about a composite measure of effect consisting of microbial kill, postantibiotic effect, and resistance suppression over a long-enough period that allows enough rounds of replication by the slowly growing M. tuberculosis, which unmasks many of the C max /MIC-linked effects identified by HFS studies (51) . This is consistent with a clinical study from Poland in which patients with isoniazid-resistant TB were treated with 600 mg of rifampin and 25 mg/kg of ethambutol daily for 12 weeks, followed by either rifampin 600 mg plus 50 mg/kg ethambutol twice a week or rifampin 1,200 mg plus ethambutol 50 mg/kg for up to 2 years (6). Thus, during the long continuation phase both groups received a 1,200-mg rifampin dose weekly and therefore had similar AUCs (AUC ϭ dose/SCL), but the once-weekly regimen had twice the C max and a lower %T MIC . Relapse occurred in 5/74 patients treated with 600 mg twice weekly but only 1/168 with the once-weekly regimen (P ϭ 0.02), despite the fact that the once-weekly treated patients actually received less ethambutol. Thus, the PK/PD parameters identified in preclinical models have relevance not only during the continuation phase of therapy but to relapse. Cognizant of the PK/PD studies, Nuermberger and colleagues ignored rifapentine's mouse half-life of 14 to 18 h (8, 9) and instead of dosing once a week, as the half-life would dictate, treated mice with either twice-weekly, thriceweekly, five-times-weekly, or daily rifapentine, in combination with moxifloxacin and pyrazinamide (86) . They measured drug concentrations, which they related to time to sterilizing effect. Table 5 is adapted from their work. The %T MIC was Ն90% in all rifapentine regimens and 60% in the standard regimen and was therefore above the optimal exposures of 60% in all regimens. As can be seen in Table 5 , as AUC 0-168 /MIC and C max /MIC increased, duration of therapy needed to cure the mice without relapse decreased, so therapy could be shortened to 3 months or less by optimizing the PK/PD parameters. These fascinating results provide dramatic evidence that PK/PD-optimized regimens have the potential to shorten therapy duration.
The most cogent call for higher doses of rifampin in the PK/PD era first came from Peloquin, almost a decade ago (79) . Recently, Goutelle et al. (48) performed 10,000 patient clinical trial simulations to test the adequacy of rifampin doses of either 600 mg or 1,200 mg daily. These doses were examined for the ability to achieve an AUC 0-24 /MIC of Ն665 in ELF of TB patients based on optimal rifampin microbial kill in murine PK/PD studies (60) or the C max / MIC of Ն175 associated with resistance suppression in HFS studies (51) . The study revealed that 600 mg achieved a C max /MIC of Ն175 in only 36% and an AUC 0-24 /MIC of Ն665 in only 55% of TB patients. However, the dose of 1,200 mg performed better. Thus, the best step forward would be to reexamine the maximum tolerated doses of rifamycins administered as daily doses. Recently, Diacon et al. examined the effect of increasing rifampin doses and exposures on EBA in South African patients (29) . Their results, shown in Table 6 , demonstrate that as the AUC 0-24 increased, EBA also increased. However, clearly the AUC 0-24 and C max covaried. This not only confirms the clinical trial simulations but also demonstrates that even at double the standard dose, the dose is still on the steep portion of the dose-response curve, so that even higher doses would result in faster bacterial kill. Thus, if patients could tolerate it, increasing rifamycin doses and administering them daily could offer a possibility for reducing the duration of therapy.
FLUOROQUINOLONES
Some of the very pivotal studies that established the clinical relevance of general PK/PD science were with fluoroquinolones; these agents' microbial kill in many bacteria is linked to AUC/MIC (5, 37, 42) . Microbial kill of M. tuberculosis by these compounds was linked to the AUC 0-24 /MIC ratio in murine TB (92) likely because of a long postantibiotic effect (PAE) (45) . The earliest fluoroquinolone PK/PD work for the treatment of TB was actually performed in the HFS (50, 52) . Moxifloxacin dose-effect studies and a ciprofloxacin study demonstrated that some AUC 0-24 /MIC exposures associated with excellent microbial kill maximally amplified the size of the resistant subpopulation (50, 52) . For quinolone monotherapy, effective kill was terminated in 10 to 14 days by resistance emergence in HFS. The time frame was consistent with a case report that had just been published (47) . In other words, based on the HFS, with currently recommended doses as monotherapy there is a biphasic effect, starting with a good response (microbial kill) followed by "relapse." The biphasic response in TB patients inadvertently treated with quinolones, as well as the emergence of resistance with at least 10 to 13 days of fluoroquinolone exposure, has since been demonstrated in large clinical studies (28, 36) . Thus, clearly, preclinical PK/PD models were predictive of events later encountered in patients. The ciprofloxacin PK/PD study explicitly pointed out the potential consequence of using ciprofloxacin and ofloxacin in MDR-TB at standard doses when they are often effectively monotherapy given the low efficacy of other second-line drugs: resistance would emerge rapidly (50) . The danger predicted by the preclinical PK/PD models became reality a few years later with the emergence of extremely drug-resistant TB (XDR-TB), given the poor efficacy of accompanying second-line drugs (14, 84) . The HFS studies also established that at higher exposures, such as a free drug AUC 0-24 /MIC ratio of Ͼ53 (total drug, 106), resistance could be minimized (52) . However, one murine TB study reached somewhat a contrary conclusion when mice exposed to a continuous oral diet of moxifloxacin that achieved an AUC 0-24 /MIC of Ͼ106 by day 56 still developed moxifloxacin-resistant M. tuberculosis (46) . However, the authors pointed out that the mice had a poor oral intake of the drug in the beginning, and quinolone resistance could have developed early under subtherapeutic exposures. Another explanation could be that the HFS study was for a short duration of time while the mouse study was for 2 months and the exposure identified in the HFS as suppressing resistance would fail to suppress resistance in longer-term studies. It is known, for example, that resistance emergence is a function of therapy duration (54, 99) . In another study, mice that achieved a total moxifloxacin AUC 0-24 /MIC of 54.8 (free drug, 27.4) developed drug resistance while mice that received exposures far above the ratio of 106 did not develop moxifloxacin resistance (3) .
Moxifloxacin doses of 400, 600, and 800 mg each day were examined for the ability to achieve or exceed the free-drug AUC 0-24 /MIC of Ն53, associated with suppression of resistance in HFS in Monte Carlo simulations (52) . These doses were able to achieve this in 59%, 86%, and 93% of virtual patients, respectively. In a recent clinical study in Brazil, Peloquin et al. administered 400 mg of moxifloxacin to nine TB patients, performed PK studies, and established a moxifloxacin MIC for each patient's M. tuberculosis isolate (81) . Their data reveals that an AUC 0-24 /MIC of Ն53 was achieved in 66% of the TB patients, very close to the 59% predicted by the clinical trial simulations. Thus, the pathway that starts with preclinical PK/PD models, which is then translated using clinical trial simulations, has good clinical predictive power. The simulations predict that daily doses of 800 mg may be more optimal. However, the tolerability of this dose is unknown. Nevertheless, examining the safety of these higher doses is made more pressing by the finding that such likely companion drugs as rifampin reduce the moxifloxacin AUC 0-24 by about one-third (105), so even the intended exposures for 400 mg a day are often not achieved.
ETHAMBUTOL
In 1968, Dickinson et al. studied the effect of spacing out ethambutol doses of 640, 160, 320, and 80 mg/kg every 8 days either as a single dose every 8 days or as equally divided doses every 4 days, 3 days, and 1 day in guinea pig TB (30) . After 6 weeks of treatment with ethambutol, the authors reported that the less frequently administered doses were associated with a lower spleen bacillary burden. This would nowadays be interpreted as a C max /MIC-linked effect. Our examination of their data within each dose group revealed no consistent progressive decrease in CFU/spleen with increase in dosing interval, so we could also read an AUC/MIC-linked effect into that study. Ethambutol PK/PD studies using current standards were recently performed in HFS (98) . In a dose-effect study, the relationship between exposure and EBA revealed a maximal effect (E max ) of 0.22 (95% CI, 0.14-0.29) log 10 CFU/ml/day; after 2 days the maximal kill rates fell to 0.04 to 0.10 log 10 CFU/ml/day (98) . In TB patients, ethambutol is also dose dependent, with a maximal EBA of 0.26 Ϯ 0.12 log 10 CFU/ml/ day, followed by 0.16 Ϯ 0.09 log 10 CFU/ml/day between days 2 and 14 (62, 63) . Microbial kill in the HFS was linked to AUC 0-24 / MIC, although in some experiments C max /MIC could also have explained the kill. In addition, this differs from studies with intracellular M. avium, which demonstrated a link to C max /MIC in the HFS (27) .
In terms of resistance, treatment with ethambutol monotherapy for up to 7 days also abolished the isoniazid effect (98) . Emergence of dual ethambutol and isoniazid resistance was due to induction of efflux pumps common to both drugs, which was linked to %T MIC . In vitro studies by Colangeli et al. have demonstrated induction of ethambutol and isoniazid resistance by exposure to isoniazid alone (16) . The PK/PD results may explain, in part, why ethambutol resistance in clinical isolates of M. tuberculosis is often accompanied by isoniazid resistance (56, 68, 75) .
In one study, Japanese patients were treated with two different doses of ethambutol administered either concomitantly with isoniazid or as monotherapy (35) . Unfortunately, in that study, our attempts at population PK analysis led to rather imprecise estimates of SCL, very different from PK parameters in recent population PK publications (80, 110) ; thus, estimates of AUC are less precise. With that limitation in mind, the relationships between outcome and PK/PD exposure are shown in Fig. 2 . The role of %T MIC could not be determined given that in addition to the imprecision of estimating SCL, the MICs were also unknown. The sputum conversion rates seem more consistent with an AUC-driven effect, given that in Fig.  2B there are virtually similar C max s, but different outcomes. However, clearly definite conclusions could not be drawn, and further examination of the correlations between preclinical PK/PD studies, population PK, and clinical outcome is still needed.
In Chennai (India), TB patients were treated with one of four regimens, two amenable to dose-scheduling analysis: ethambutol 45 mg/kg and isoniazid 15 mg/kg given twice weekly (E2H2) versus ethambutol 90 mg/kg once a week with isoniazid 15 mg/kg twice weekly (E1H2) (7) . The proportions of patients with good microbiological response at 1 year were 88/102 for the E2H2 group and 96/101 for the E1H2 group (P ϭ 0.052); if subsequent relapse was also taken into consideration, patients with a good bacteriological outcome at the end of the study would be 78/102 in the E2H2 group and 82/101 for E1H2 (P ϭ 0.49). In a subgroup of the patients who were found to have isoniazid resistance prior to the start of treatment (and thus got ethambutol as the only effective agent during the second phase of therapy), 6/11 E2H2-treated versus 4/10 E1H2-treated patients had a good response by the 1-year time point (P ϭ 0.67). Thus, in these two groups that received identical isoniazid regimens but two different dosing schedules for ethambutol, outcomes were similar, consistent with an AUC/MIC-driven effect.
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IDENTIFICATION OF NEW SUSCEPTIBILITY BREAKPOINTS
As for other infectious-disease organisms, the susceptibility breakpoints for M. tuberculosis were established based on epidemiologic cutoff values. Based on this philosophy, resistance breakpoint is the critical concentration that inhibits the growth of 95% of wild-type isolates of bacteria from patients who have not been exposed to the drug (15) . This was an important breakthrough in the standardization of susceptibility testing and still forms the backbone of M. tuberculosis susceptibility testing all over the world. From our vantage point in time, however, that approach has some limitations. This approach somehow assumes, de facto, that the MIC distribution pattern of wild-type isolates in species will be the same around the globe. Studies of anti-TB drug MIC distribution from around the world are very scanty and, when available, involve small numbers. Even with these limitations, however, a selection of ethambutol susceptibility patterns obtained using Middlebrook broth-based methods from three different places and times (57, 104, 108) , when compiled, look like those in Fig. 3 . This is no surprise when looked at from the point of view of evolution: M. tuberculosis has continued to evolve in patients in different locales around the world, and part of that is reflected by the variability of MIC distributions. In Fig. 3 , the 95% cutoff point would lead to three different breakpoints. Which locale's wildtype MIC distribution should be used for breakpoints used all over the world? It has become clear for many bacteria that while epidemiologic cutoff values perform well in detecting changes in resistance patterns in each locale at an epidemiologic level, their predictive power is limited when it comes to individual patient response to therapy (4, 74, 101) .
The ability of any antibiotic to kill bacteria in a majority of patients will also depend on the drug exposures achieved at site of infection based on penetration ability, as well as the between-patient variability in concentrations achieved. In other words, there is no "average" patient, so drug concentrations assumed to be achieved in the average patient have little clinical meaning from patient to patient. After administration of the highest tolerable dose, bacterial isolates with MICs that cannot be achieved or exceeded by the drug concentrations in most patients (usually Ն90%), given pharmacokinetic variability, are defined as resistant to the drug since they will not be killed in an acceptable proportion of patients. Using Monte Carlo simulations based on population pharmacokinetics, and the PK/PD exposures associated with near-maximal kill of M. tuberculosis at the site of infection, we identified new susceptibility breakpoints for isoniazid, rifampin, and pyrazinamide, while for ethambutol and moxifloxacin the breakpoints remained unchanged (Table 7 ) (49). The results suggest that the prevalence of MDR and XDR TB might be higher than currently assumed.
It could be argued that current anti-TB drug susceptibility breakpoints have done well in the clinical setting, so there is little need to change them. However, as discussed earlier, in many places cure rates in "drug-susceptible" TB are 34 to 76% despite DOTS. Second, breakpoints for other agents, such as cephalosporins (to name but one class), that "worked well" for decades in the past against Enterobacteriaceae have been revised downwards based on methods similar to the ones we employed, and the newer breakpoints have been found to perform even better in terms of predicting clinical success and failure (4, 74) . Thus, arguments of past performance are not sufficient against an improvement of accuracy. A better approach would be to test the accuracy of the newly proposed breakpoints against that of the older ones in prospective clinical studies.
LIMITATIONS
As with all methods used in science, there are some limitations to the methods utilized in the field. First, most antimicrobial PK/PD studies performed so far have examined one strain of M. tuberculosis, either M. tuberculosis H37Rv or H37Ra. While the PK/PD parameter linked to effect will not change across strains, inclusion of more clinical strains leads to a more robust and precise estimate of exposures associated with optimal effect (67) . Second, for some anti-TB agents, the only reliable population PK estimates are from studies of healthy volunteers. Often, the disease process itself as well as common comorbid conditions such as AIDS will alter antibiotic PK estimates (37, 83) . Thus, more population PK data from TB patients are needed. Third, in the case of the penetration of anti-TB drugs into ELF, some studies have utilized only one or two ELF sampling time points. The penetration of drug from serum to ELF is a function of time, and the concentration-time profile of antibiotic in blood and ELF may vary substantially in a strongly nonlinear fashion based on lag, i.e., hysteresis (66, 87) . Thus, examination of concentrations at a single time point in ELF (or any other PK compartment for that matter), as was the case for the published data we used for Monte Carlo simulations, may introduce imprecision. Another problem is the very small number of clinical isolates used in determining MIC distributions. Indeed, one of the greatest deficits in the TB world is the lack of good studies of MIC distributions of a large number of isolates from different geographic areas. This, too, impacts on an optimal dose determination which takes into account the MIC distribution. A closely related problem is the technical difficulty in performing pyrazinamide MICs, so that even when enough isolates are tested, different pyrazinamide MIC distributions may result when the same isolates are tested. In this respect, our use of terms such as "modal MIC" of this drug (see, for example, Table 2 ) needs to be viewed with this limitation in mind. However, these limitations represent more areas that should be prioritized for further research, so that even more precise forecasting can be performed than is currently done.
A SCIENTIFIC PATHWAY INTO THE FUTURE
There are several overall lessons from currently available literature. First, preclinical antimicrobial PK/PD data have great clinical relevance to the treatment of TB. Thus, as new drugs are created, it would be advantageous to have them undergo rigorous PK/PD studies. Each of the drug exposures must be optimized to maximize microbial kill and chances of suppressing resistance to self. Second, doses must be chosen based on rational reasons that take into account PK variability as well as the variability in MICs from place to place. To state the obvious, a drug concentration is relevant only if it can kill the particular strain of M. tuberculosis infecting that particular patient. Dosing based on "average concentrations" achieved in the "average" patient or naïve pooled PKs should be abandoned to history, as is the practice of just considering PKs without taking into account bacterial response to concentration-time profiles. Indeed, dosing practices so derived may be partly to blame for the problem of MDR-TB and XDR-TB. Monte Carlo simulations for dose selection offer that possibility for applying PK/PD to optimize efficacy of anti-TB compounds. Clinical trial simulations also offer the possibility of examination of toxicity and also determination of the duration of therapy. We freely acknowledge that even the pathway we propose is not a panacea and that inevitably better methods will be fashioned as science continues to grow. Nevertheless, the methods are at least a better and more rational oracle to listen to as we fashion shorter-duration chemotherapy and are more effective than the current standards.
